We present the apsidal motion as well as the light curve analyses of 21 eccentric eclipsing binaries located in the Small Magellanic Cloud. Most of these systems have never been studied before, hence their orbital and physical properties as well as the apsidal motion parameters are given here for the first time. All the systems are of early spectral type, having the orbital periods up to 4 days. The apsidal motion periods were derived to be from 7.2 to 200 years (OGLE-SMC-ECL-2194 having the shortest apsidal period among known main sequence systems). The orbital eccentricities are usually rather mild (median of about 0.06), maximum eccentricity being 0.33. For the period analysis using the O−C diagrams of eclipse timings, in total 951 minima were derived from survey photometry as well as our new data. Moreover, 6 systems show some additional variation in their O − C diagrams, which should indicate the presence of hidden additional components in them. According to our analysis these third-body variations have periods from 6.9 to 22 years.
INTRODUCTION
Eclipsing binaries still represent a most general method how to derive the basic stellar parameters of the individual components such as radii, masses, or luminosities (see e.g. Southworth 2012) . With these quantities, we would be able to improve and calibrate the existing stellar evolution models (Torres et al. 2010 , or Pols et al. 1997 . Moreover, the eclipsing binaries (hereafter EBs) can also serve as suitable distance indicators, even for the closeby galaxies in the Local Group, see e.g. (Hilditch et al. 2005 , or Vilardell et al. 2010 .
A somewhat special group of EBs are those which have an eccentric orbit. For many such systems the detected apsidal motion (Claret & Giménez 2010) was analysed. Those systems were usually used for studying the internal structure constants and also to test the general relativity (Claret & Giménez 1993) . Moreover, for several apsidal motion systems also an additional third body was detected, constituting even more dynamically interesting stellar system. For a compilation of such systems, see a catalogue by Bozkurt & Deǧirmenci (2007) . Quite recently, a comprehensive catalogue of 623 galactic eccentric EBs was published by Kim et al. (2018) , showing that about 5% of the systems with eccentric orbits have in general some third unseen components (only based on eclipse timing variations, ETV). Additionally, also the processes like orbital circularization (Zahn 2008) , the distribution of period-eccentricity (Kiminki & Kobulnicky 2012 , or Meibom & Mathieu 2005 , or spin-orbit (mis)alignment can be studied thanks to these objects.
Concerning the same objects outside our Galaxy the situation is slightly different. Due to much lower luminosities, the data for extragalactic binaries only became available over the last two or three decades. This is mainly due to the large photometric surveys like MA-CHO (Alcock et al. 1997 (Alcock et al. , ranging the period 1992 (Alcock et al. -2000 , and OGLE (Udalski et al. 1992 , OGLE II ranging 1997 -2000 , OGLE III 2001 -2009 , and OGLE IV 2010 -2014 for both Magellanic Clouds. These surveys harvested a huge portion of eclipsing binaries, 6143 from the MA-CHO survey (Faccioli et al. 2007) , and even 48605 from the OGLE survey (Pawlak et al. 2016 ). There are also many eccentric binaries with noticeable apsidal motion among these systems.
This was a subject of several studies during the last couple of years. We have already published a series of papers on apsidal motion in SMC and LMC: Zasche & Wolf (2013) , Zasche et al. (2014) , and Zasche et al. (2015) . And besides that, the apsidal motion was studied by other authors, most recently (and also most comprehensively) by Hong et al. (2016) presenting altogether 90 systems with apsidal motion in SMC, and Hong et al. (2015) studying 27 SMC systems.
Our present study is a natural continuation of such an effort. In Section 2 we present the methods used for our analysis, while later in Section 3 we introduce some of our most interesting results, and finally in Section 4 we briefly discuss the findings and place them into a broader context.
METHODS OF ANALYSIS
The huge majority of the targets presented in this study belongs to three groups. A first group, consisting of five targets, contains objects which were already known to have eccentric orbits and were already studied before. However, we collected many new observations of these systems during the time span 2012-2018, hence we believe our analysis is better and more complete than the already published ones. Second group comprises such stars, which were only by-chance discoveries in these monitored fields of the stars from the first group and are also eccentric with apsidal motion. And finally, eight systems were found scanning the OGLE III database systematically (star numbers 1-1000).
For all of these systems we tried to find all available data, i.e. photometry from the MACHO, OGLE, and our new data from the 1.54-m Danish telescope located on La Silla Observatory in Chile (hereafter DK154), equipped with the CCD camera, and I and R filters used (operated remotely from the Czech Republic). Standard reduction procedure was applied for these new images, using the bias and the flat fields to the CCD images. The comparison star was chosen to be close to the main target and with a similar spectral type. A custom-made aperture-photometry reduction software Aphot developed by M. Velen and P. Pravec, was used for the data reduction. The correction for differential extinction was not applied due to the close distance of the comparison star and the variable one and the resulting negligible difference in air mass and their similar spectral types. The other archival photometric data from OGLE and MA-CHO surveys were used in that way as they were already published earlier on the websites or databases devoted to these surveys.
For analysing the light-curve (hereafter LC) of these binaries, we used the programme PHOEBE v0.32 (Prša & Zwitter 2005) , which is based on the Wilson-Devinney algorithm (Wilson & Devinney 1971 and Wilson 1979) and its later modifications. Because of missing spectroscopic data for most of the targets, there are several limitations and assumptions which need to be taken into account. At first, the mass ratios were kept fixed at q = 1.0. This approach is justified because all the systems are well-detached and the ellipsoidal variations outside of their minima are generally negligible. For such systems their photometric mass ratios can only hardly be derived, as quoted e.g. by Terrell & Wilson (2005) . Only for these systems where some spectroscopic data and the radial velocities were published, we naturally used the mass ratio different from unity. We are aware of the fact that this assumption of q = 1.0 is rather odd for some of the systems where the light curve shapes show quite different eclipse depths of both minima. Hence, we tried a test of using the method of deriving the photometric mass ratios presented by Graczyk (2003) , which uses the assumption of both components located on the main sequence. For two systems from our sample which show significantly different eclipse depths (namely OGLE-SMC-ECL-0752 and OGLE-SMC-ECL-1214), this method of deriving the mass ratio from the luminosity ratio resulted in values of 0.80±0.08, and 0.61±0.06 respectively. As one can see, both these numbers are away from unity, but still one can only speculate how these values are close to reality when having no information about the radial velocities (and also whether the main sequence assumption is appropriate or not). Having this alternative second LC fit, we also performed the subsequent analysis (deriving the times of minima and carried out the period analysis). The differences between this new solution and the original one with assumption q = 1.0 are only marginal. The eccentricity and the apsidal motion period resulted in almost the same values (differing by less than 2%), well within their respective error bars.
The individual sources of information (MACHO, OGLE and our new Danish 1.54-m photometry) deal with different photometric filters, namely B, R, and I (the OGLE V data were not used due to much better OGLE I, both in quality and quantity). Different filters were fitted separately in PHOEBE, hence also different eclipse depths and luminosity ratios were derived. The values given and discussed below in the Section 3 are only these ones obtained for the I filter because of the better quality and reliability. For the OGLE and MACHO data only the most deviating data points (more than 3 sigma away) were omitted.
Here we summarize the individual steps of the analysis:
• At the beginning a preliminary light curve analysis was carried out (Initial OGLE period used, only rough estimation of the eccentricity, etc.).
• Initial LC analysis was used to derive preliminary minima, which were then analyzed to roughly estimate the apsidal motion (with the assumption i = 90
• ) and to judge whether to include the system into our sample or not (see Section 4 below).
• Then, the eccentricity (e), argument of periastron (ω) and apsidal motion rate (ω) resulting from the apsidal motion analysis were used for the light curve analysis.
• A value of inclination (i) from the LC analysis, was then used for the apsidal motion analysis.
• And finally, the resulting e, ω, andω values from the apsidal motion analysis were kept fixed for the final LC analysis.
A so-called AFP (Automatic Fitting Procedure) method was routinely used for deriving the times of minima from the photometric surveys as well as our new data. It uses the whole light curve shape as a template to calculate precise time of mid-eclipse. The method itself is presented in Zasche et al. (2014) . All the minima used for the analysis are given in Table 1 .
THE RESULTS
As was already mentioned earlier in Section 2, a whole portion of systems is rather heterogeneous, hence it comprises also the stars already studied (which are rather brighter), as well as those ones never studied before, which are slightly fainter. In Table 2 we can see some basic information about the particular systems, where one can find besides the alternative designations of the particular star also its coordinates for precise identification. Besides that, the photometric indices as found in the various databases and surveys are given together 
Phase Epoch with the dereddened value of (B − V ) 0 . These were calculated from the individual (B − V ), and (U − B) indices following the method published in Johnson (1958) . However, in some cases this method yielded in rather unreliable results (this is the case for e.g. OGLE-SMC-ECL-0465, and OGLE-SMC-ECL-2385), hence even this spectral estimation cannot be used for deriving the primary temperature T 1 . In most cases where some spectral classification was published earlier (by North et al. 2010, and Evans et al. 2004 ) our computed dereddened values of (B − V ) 0 resulted in quite reasonable values. The individual spectral types and their temperatures were assigned from the (B − V ) 0 values according to tables by Pecaut & Mamajek (2013) . For those systems where some spectroscopy was published the situation was a bit different. For several systems their radial velocity curves exist, and the resulting mass ratio q as published by North et al. (2010) was used for our modelling. Moreover, for one system (namely OGLE-SMC-ECL-1558) the spectral type classification together with the primary temperature value was also published (Evans et al. 2004) , hence also this information was used. All the results of our fitting are given in Table 3 and Figures 1 to 4 . In these light curve graphs we plotted only the data from shorter time interval when the change of ω is only small (for better clarity not to plot the blurred phase light curve over the longer time interval due to precession of omega angle). In the Table 3 there are given the inclination i, fixed value of primary temperature T 1 , computed temperature T 2 , luminosity ratios in I filter for all components, and relative radii of both stars -all of these as resulted from the PHOEBE fitting. Moreover, also the parameters from the apsidal motion analysis are given there, namely: linear ephemerides HJD 0 , and P together with the eccentricity of the orbit e, argument of periastron ω 0 at a reference time of HJD 0 , and also the apsidal period U .
As one can see, for a significant number of systems also an additional variation besides the apsidal motion was detected. We attributed this variation to some hypothetical additional third body in the system causing socalled light-time effect due to its orbital motion around a common barycenter. This method was described elsewhere (e.g. Irwin 1959 , or Mayer 1990 , and it is being almost routinely used nowadays for various surveys and satellite data, see e.g. Borkovits et al. (2016) . For these systems, where an additional body was detected, their O − C diagrams after subtraction of the apsidal motion were plotted with the light-time effect fits, see Fig. 5 . The parameters of these potential third-body orbits are given in Table 4 , where the amplitude of variation is denoted as A, while ω 3 stands for the argument of periastron of the third orbit, T 0 time of the periastron passage, P 3 its period, and e 3 its eccentricity, respectively. Mass function is f (m 3 ), and the last two columns present the ratio of squared outer and inner periods, and the fraction P 2 /P 5/3 3 . Classical geometrical light-time effect has its amplitude proportional to ∼ P 2/3 3 · f (m 3 ) 1/3 , however, the dynamical perturbation is much more dominant in tight triples and its amplitude is proportional to P 2 /P 3 · m 3 /m 1+2+3 , see e.g. Borkovits et al. 2016 for details. On the other hand, the slow precession of the orbits can possibly be detected only when the nodal period (Söderhjelm 1975 ) is adequately short, but its period is proportional to P 2 3 /P . And as one can see, this ratio is too large for all of our studied systems. And finally, also the ratio of amplitudes for both contributions
3 , is adequately small for all of them.
Concerning the systems already studied in Hong et al. (2016) , our presented fits seem to be better mainly due to the fact that we deal with larger data set, spanning longer period. Hence, our results should be more robust than the ones already published. The new data obtained with the Danish 1.54-m telescope were secured during the particular observing runs and present definitely more suitable photometry than the sparse OGLE photometric data (having typically only one data point per night).
We also computed the internal structure constants from the inferred apsidal motion. We calculated these values for seven systems from our sample which were also studied spectroscopically (by North et al. 2010) , hence their masses are known precisely. The observed values were compared with the theoretical ones published by Claret (2005) as one can see in Table 5 and also Fig. 6 . For the derivation of the theoretical values we used the same LMC metallicity as used by North et al. (2010) , as well as the stellar ages derived from their analysis. The relativistic contribution to the total apsidal motion rate is also given in Table 5 , and is relatively small for all of the systems.
DISCUSSION AND CONCLUSIONS
We have derived the preliminary apsidal motion and light curve parameters for 21 detached eclipsing binaries. Among these systems, several ones have already been studied before. However, we harvested also from other data sources, namely the spectroscopy (in contrast with the previous study by Hong et al. 2016) , the longterm photometry for the better derivation of the apsidal motion (in contrast with the previous spectroscopic study by North et al. 2010) , as well as our new precise photometry from the Danish 1.54-meter telescope.
The derived apsidal motion periods resulted in quite reasonable values of several decades (ranging from 7.2 to 200 years), and are usually well-constrained with the currently available set of photometric data. Thanks to the automatic surveys OGLE and MACHO, the time span is typically more than 20 years. The eccentricities are rather mild (mostly below 0.1, median of about 0.06).
We also detected altogether six systems showing besides the classical apsidal motion also some additional variation of their orbital periods. These six systems are shown in Fig. 5 together with their light-time effect fits, while the parameters of these fits are given in Table 4 . One can see that the periods are adequately short, being still well-covered with the data. All of the systems are definitely stable ones, according to the stability criteria as published earlier (see e.g. Mardling & Aarseth 2001 , or Sterzik & Tokovinin 2002 . In publications like Tokovinin (2004) there were presented several different empirical stability criteria with slightly different coefficients. However, all of our systems are located well bellow all of these stability limits in the P 3 /P versus e 3 diagram, hence our sample cannot be used for distinguishing between them. However, the more interesting dynamical effects of the third-body mechanics (Borkovits et al. 2016) are generally very small (see the last columns in Table 4 and Section 3 above). If we expect to find some dynamical influence of the third bodies on the eclipsing pairs (i.e. changing the inclination of the binary), it should be visible after several more decades or even a century of observations for two most promising systems (OGLE-SMC-ECL-1634 and OGLE-SMC-ECL-2152). For all of these systems a significant fraction of the third light was also detected during the LC analysis (see Table 3 ), which is an indirect evidence that our hypothesis is credible. We are aware of the fact that the whole analysis is based on assumption that the mass ratio of the eclipsing system is equal to 1.0. However, as we have tested for a few systems, the main results would be shifted when assuming different mass ratio, but the result about non/detection of the third light remains. Two other systems (namely OGLE-SMC-ECL-1985, and OGLE-SMC-ECL-4923) possibly also show additional third-body variations, but the orbital periods are probably longer (>20 yr), hence we cannot do any reliable analysis yet.
The number of such potential third-body systems is increasing every year, even outside of our Galaxy, but our detected systems cannot be taken seriously as some comparative benchmark for statistics. This is mainly due to the fact that in our sample of stars we simply preferred these systems with more interesting variations in the O − C diagrams. Hence the number of such potential triples is apparently higher, than should be in real stellar population. However, the same apply also for the other apsidal motion systems in our sample, which were preferably selected only when having adequately short apsidal periods. In total, we have initially checked 35 obviously eccentric SMC systems, among which 21 were selected for the present publication due to their adequately short apsidal motion periods (U < 200 yr).
And finally, quite remarkable situation arises when we compare the number of known system in and out of our own Galaxy. Kim et al. (2018) in their database lists in total 139 eccentric systems where the precession of omega angle is detectable within our Galaxy. However, thanks to recent papers on eccentric binaries in Magellanic Clouds (such as Zasche et al. (2014) , Zasche et al. (2015) , Hong et al. (2015) , Hong et al. (2016) , or the present study) we can surely say that nowadays we know more such systems outside of our own Galaxy! We are grateful to the anonymous referee for his/her fruitful comments and remarks, which greatly improved the whole manuscript. This work was supported by the grant MSMT INGO II LG15010. We also do thank the OGLE and MACHO teams for making all of the observations easily public available. We are also grateful to the ESO team at the La Silla Observatory for their help in maintaining and operating the Danish telescope. This research has made use of the SIMBAD and VIZIER databases, operated at CDS, Strasbourg, France and of NASA Astrophysics Data System Bibliographic Services.
